A new dinuclear complex [{Fe(tpc-Obn)(NCS)(μ-NCS)} 2 ] (1) based on the tripodal tpc-Obn ligand (tpc-Obn = tris(2-pyridyl)benzyloxymethane), containing bridging µ-κN:κS-SCN and terminal κN-SCN thiocyanate ligands, has been prepared and characterized by single crystal X-ray diffraction, magnetic studies and DF theoretical calculations. This complex represents the first example of dinuclear Fe II complex with double µ-κN:κS-SCN bridges in a head-to-tail configuration that exhibits ferromagnetic coupling between metal ions (J FeFe = + 1.08 cm -1 ). Experimental and theoretical magneto-structural studies on this kind of infrequent Fe II dinuclear complexes containing a centrosymmetrically [Fe 2 (µ-SCN) 2 ] bridging fragment show that the magnitude and sign of the magnetic coupling parameter, J FeFe , depend to a large extent on Fe-N-C (α) angle, so that J FeFe decreases linearly when α decreases. The calculated crossover point below which the magnetic interactions change from ferromagnetic to antiferromagnetic is found at 162.3º. In addition, experimental results obtained in this work and those reported in the literature suggest that large N tripodal -Fe II distances and bent N-bound terminal κN-SCN ligands favour the high spin state of the Fe II ions, while short N tripodal -Fe II distances and almost linear Fe-N-C angles favour a stronger ligand field, which enables the Fe II ions to show spin crossover (SCO) behaviour.
■INTRODUCTION
Thiocyanate is a ubiquitous and versatile ligand that can exhibit a wide variety of coordination modes (see scheme 1). [1] [2] [3] [4] Among them, κN-SCN and κS-SCN monodentate terminal and µ-κN:κS-SCN bidentate bridging (also termed end-to-end) coordination modes (a, b and c, respectively, in scheme 1) are the most commonly observed. The nitrogen and sulphur ends of this ambidentate ligand are hard and soft type bases, respectively. 5 Therefore, thiocyanate generally coordinates to the hard and soft acid metal ions through the N and S atoms, respectively. In line with this, thiocyanate is bound to the first row transition metal ions through the N atom, whereas the coordination to heavier transition metal ions in low oxidation state, usually takes place through the S atom. Nevertheless, in addition to the electronic nature and oxidation state of the metal ion, other factors such as steric hindrance, electronic structure of the ancillary ligands, type of solvent and even non-coordinated ions can influence the final coordination mode of the thiocyanato ligand, particularly when the metal ion has intermediate hard-soft acid character. 6 It should be noted that Nbound thiocyanate generally is linear, whereas the S-bound thiocyanato is commonly bent at the sulphur atom. The S-bound thiocyanato occupies more space that the Nbound form, so that when bulk ligands are present the latter might be favoured to avoid steric hindrance. 7, 8 Although thiocyanate complexes are often a mixture of nonseparable N-bound and S-bound linkage isomers, 9 however, recently the N-bound and S-bound thiocyanate linkage isomers of the [Ru(terpy)(tbbpy)SCN][SbF 6 ] complex (terpy = 2,2′,6′,2″-terpyridine, tbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine), could be separated based on their relative solubility in ethanol and their respective structures solved by X-ray crystallography. 10 It is worth mentioning that N-bound thiocyanate have played an important role in the field of spin crossover (SCO) materials, which are switchable systems that exhibit reversible spin conversion between the low-spin and the high-spin states by external stimuli, such as temperature, light irradiation and pressure. [11] [12] [13] [14] [15] [16] [17] These switchable materials have potential applications in different fields, such sensors, data processing and storage, molecular switches, signal amplification and visualization devices. [11] [12] [13] [14] [15] [16] [17] Most of the SCO systems are Fe II N 6 mononuclear species and, among them, [Fe(L) 2 (κN-NCS) 2 ] type complexes (where L is a bidentate α-diimine ligand) are the most extensively studied. [11] [12] [13] [14] [15] [16] [17] In these systems, thiocyanate ligands adjust the ligand field around Fe II metal ion, so that the SCO phenomenon can be observed.
When the thiocyanate anion links two or more metal ions (modes c-j in Scheme 1) a great variety of coordination networks can be obtained, which exhibit aesthetically pleasing structures and interesting physical properties. When metal ions are paramagnetic, the thiocyanato bridging ligand can transmit ferromagnetic and antiferromagnetic interactions leading to materials with interesting cooperative magnetic properties, such as ferromagnetic and antiferromagnetic long range magnetic order, metamagnetism, spin canting and single-chain magnet behaviour. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] It should be noted that compared to the azido-bridged complexes, the number of well magnetostructurally characterized thiocyanate-bridged compounds with divalent first-row transition metals is very limited, particularly those containing the Fe II metal ion. [28] [29] [30] [31] [32] [33] [34] [35] Most part of these uncommon complexes present either dinuclear or chain structures with double µ-κN:κS-SCN bridged [Fe 2 (µ-SCN) 2 Single yellow crystals of 1 were obtained by slow evaporation of the resulting solution at room temperature. The infrared spectrum of 1 (see Figure S4 Selected bond-lengths and angles are gathered in Table 1 . Within the dinuclear unit, Fe II atoms exhibits a slightly distorted octahedral FeN 5 S coordination polyhedron, where the three pyridine nitrogen atoms of the tpc-Obn tripodal ligand, and consequently the two nitrogen atoms and the sulphur atom belonging to the end-to-end bridging and terminal thiocyanato ligands, occupy fac positions. Codes of equivalent position: (a) = -x,-y,-z.
The calculation of the degree of distortion of the Fe II coordination polyhedron with respect to ideal six-vertex polyhedra, by using the continuous shape measure theory and SHAPE software, [39] [40] led to shape measures relative to the octahedron (OC-6) and
trigonal prism (TPR-6) with values of 0.89 and 16.17, respectively (see Table S4 ), the shape measures relative to other reference polyhedra being significantly larger.
Therefore, the FeN 5 S coordination sphere is very close to ideal OC-6. Figure 2 . At room temperature the χ M T value for complex 1 is 6.68 cm 3 ·K·mol -1 , which agrees well with the expected value for two non-interacting high spin (S = 2) Fe II ions with g = 2.11. 17, 36, 37 On cooling, the χ M T value remains constant until approximately 50 K and then sharply increases reaching a value of 8.53 cm 3 ·K·mol -1 at 6 K. This latter value is lower than that calculated for an S = 4 ground state (11.13 cm 3 ·K·mol -1 with g = 2.11) but close to that expected for two ferromagnetically coupled Fe(II) centers with single-ion anisotropy (see below). This behavior clearly indicates the existence of a weak ferromagnetic interactions between the Fe II ions through the double end-to-end thiocyanate bridge.
Figure 2.
Temperature dependence of the χ M T and filed dependence of magnetization for 1. The red solid lines represent the best fit with the magnetic parameters indicated in equation (1).
In order to analyze the magnetic data, we have used the following Hamiltonian:
where the first term accounts for the isotropic magnetic exchange coupling between the Fe II ions, D Fe is the axial single ion zero field splitting parameter and the third term corresponds to the Zeeman interaction (D Fe and g are equal for both Fe II atoms as they are related by a centre of symmetry). The susceptibility and magnetization was simultaneously fitted to the above Hamiltonian using the PHI 41 software to afford the following set of parameters, J = + 1.08 cm -1 , g = 2.10 and D = 4.3 cm -1 with R = 7.3x10 -observed for other hexacoordinated Fe(II) complexes. 42 Finally, it should be noted that ac susceptibility measurements indicate that this compound does not show slow relaxation of the magnetization and SMM behaviour. This could be due to the fact that D is positive.
Magneto-structural relationships. In order to support the experimental value of J FeFe in 1, DFT calculations were carried out on the X-ray structure as found in solid state. The calculated J FeFe parameter (+1.84 cm -1 ) agrees in sign with the experimental parameter, but almost twice its magnitude. The difference between experimental and calculated J FeFe values are most likely due, among other reasons, to limitations inherent to the theoretical method, certain inaccuracy of the magnetic data, and the possible slight changes in the structure at low temperature with regard to that used in the theoretical calculations. The calculated spin density for the S = 4 ground state of 1 is given in Figure 3 and offers information on the mechanism of the magnetic exchange interactions. The spin density distribution suggests that the main mechanism for the exchange is spin delocalization. It should be noted that the whole spin density is mainly located on the metallic centers (average value +3.7446 e-), whereas the atoms coordinated to the Fe(II) ions have small spin densities (< 0.047 e-) of the same sign as the Fe II ion (see Table 2 ). The largest spin densities for these atoms are found on to the sulphur and nitrogen atoms belonging to the bridging thiocyanate group and on the pyridine nitrogen atom trans to the nitrogen atom of the bridging thiocyanate group.
This spin distribution reveals that there is significant spin delocalization on the thiocyanate bridging group which favours the magnetic exchange interactions. The fact that the spin density of the sulphur atom belonging to the bridging thiocyanate group is mainly found on a p orbital perpendicular to the direction of the N p orbital of the same thiocyanate bridging group could explain the ferromagnetic interactions observed for this compound. In addition to the spin delocalization mechanism, it seems that the spin polarization mechanism leading to ferromagnetic interactions could be also operative as the atoms on the thiocyanate bridging group display an alternating sign of the spin densities (see Table 2 ). Table 2 . Spin density (in electrons) of selected atoms for 1. Just a half of the structure is presented due to its internal C i symmetry. In the two remaining trans positions are located either two nitrogen or two oxygen atoms belonging to the ancillary ligands. Selected magneto-structural data for this type of complexes are given in Table 3 . As it can be observed in this table, the magnetic coupling between the Fe II atoms through the double end-to-end bridge is ferromagnetic, bridging fragment, the dinuclear complex [{Fe(TMTAC)(NCS) 2 } 2 ] 37 is expected to exhibit a weak antiferromagnetic coupling between the Fe II atoms. To support this, we have synthesized the complex [{Fe(TMTAC)(NCS) 2 } 2 ] and we have re-measured its magnetic properties between 2-300 K ( Figure 6 ). pyridyl)benzyloxymethane (tpc-Obn) ligand were prepared as previously described (see Figure S1 -S3). [37] [38] IR data (ν/cm -1 ) of 1 (see Figure S4 the full set of data. 45 The crystal structure was solved by direct methods and successive Fourier difference syntheses with the Sir97 program 46 and refined on F 2 by weighted anisotropic full-matrix least-square methods using the SHELXL97 program. 47 All nonhydrogen atoms were refined anisotropically while the hydrogen atoms were calculated and therefore included as isotropic fixed contributors to F c . Due to the low absorption coefficient of 1 only semi-empirical absorption correction was needed and performed by the multi-scan method. 45 Crystallographic data including refinement parameters, and bond lengths and bond angles, and continuous shape measures calculation are given in Tables S1-S4, respectively.
Computational Details. All theoretical calculations were carried out at the density functional theory (DFT) level using the broken-symmetry approach 48 in combination with hybrid B3LYP exchange-correlation functional calculations, [49] [50] [51] as implemented in the Gaussian 09 program. 52 A quadratic convergence method was employed in the self-consistent-field process. 53 The triple-ζ quality basis set proposed by Ahlrichs and coworkers 54 has been used for all atoms. Calculations were performed on complexes built from experimental geometries as well as on model complexes. The electronic configurations used as starting points were created using Jaguar 7.9 software. 55 The approach used to determine the exchange coupling constants for polynuclear complexes has been described in detail elsewhere. [56] [57] [58] [59] ■ ASSOCIATED CONTENT
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A new dinuclear complex [{Fe(tpc-Obn)(NCS)(μ-NCS)} 2 ] (tpc-Obn = tris(2pyridyl)benzyloxymethane) exhibiting ferromagnetic coupling has been compared to the few previous dinuclear [Fe 2 (µ-SCN) 2 ] complexes, exhibiting either ferro-, antiferromagnetic or spin crossover (SCO) behavior. The main structural parameters controlling the sign and the magnitude of J FeFe as well as the ligand field energy have been discussed according to detailed magneto-structural studies.
